In this paper, the surface properties and selected mechanical and biological properties of various multi-layer systems based on diamond-like carbon structure deposited on low-density polyethylene (LDPE) substrate were studied. Plasma etching and layers deposition (incl. DLC, N-DLC, Si-DLC) were carried out using the RF CVD (radio frequency chemical vapor deposition) method. In particular, polyethylene with deposited N-DLC and DLC layers in one process was characterized by a surface hardness ca. seven times (up to ca. 2.3 GPa) higher than the unmodified substrate. Additionally, its surface roughness was determined to be almost two times higher than the respective plasma-untreated polymer. It is noteworthy that plasma-modified LDPE showed no significant cytotoxicity in vitro. Thus, based on the current research results, it is concluded that a multilayer system (based on DLC coatings) obtained using plasma treatment of the LDPE surface can be proposed as a prospective solution for improving mechanical properties while maintaining biocompatibility.
Introduction
Polymers such as polyethylene (PE) are the most widely used materials for medical applications due to their properties (i.e., high flexibility, low density, high chemical resistance, biocompatibility) [1, 2] . However, its medical application often requires a surface modification and enhancement of the surface properties (i.e., low surface hardness). Therefore, special surface treatments must be applied to improve the physicochemical properties. This can be achieved using thin layer technology, including oxygen and nitrogen plasma discharge [3] , laser irradiation [4, 5] , deposition of anti-wear and/or functional coatings (i.e., diamond-like carbon (DLC)) [6] [7] [8] and immobilization of biopolymers (e.g., chitosan and its derivatives) [9, 10] . Since plasma treatment results in the generation of high-energy species such as radicals, ions, or molecules in an excited electronic state, this enables surface reactions to take place and leads to surface activation and modification [11] . Such plasma techniques can transform PE into a valuable material for medical applications due to the modification of the surface without any interference in the substrate interior [12] .
In the case of biomedical applications, the pre-treated processes (i.e., plasma etching) have a huge impact on the coating properties, biocompatibility, and enhancement of cell attachment [13] . Plasma treatment is the most versatile surface modification technique and involves electron-induced excitations, ionization, and dissociation to facilitate the production of tailored surface properties such as wettability, roughness, and many more chemical, physical, and biological properties of the polymer surface. For enhanced adhesion, the surface free energy of the polymer should be larger than that of the substrate it will be bonded with. This is why surface modification of polyethylene is required to increase the surface free energy, which corresponds to a decrease of contact angle. In addition, it is very beneficial for many applications to obtain protective and gas barrier coatings (based on DLC structure) as well as obtaining the most biocompatible surfaces (based on DLC and chitosan structures) on the polymeric substrate [7, 9, [14] [15] [16] . DLC layers are characterized by high hardness (up to 30 GPa) and a high Young's modulus, but usually also high internal stresses (up to 7 GPa). These properties are related to the presence of a sp 3 C fraction in the structure [17] . However, the stresses can be reduced by incorporating other atoms into the structure (i.e., Si, O, N, F [18] [19] [20] or metals [21, 22] ). It is worth mentioning that the reduction in stresses is often associated with a reduction in hardness and elastic modulus of the layers [6, 23] .
In this paper, the RF CVD (radio frequency chemical vapor deposition) method was used to modify the physicochemical parameters of LDPE (low-density polyethylene) substrate. The experimental part consisted of different approaches to studying various multi-layer systems (i.e., DLC, N-DLC layers, or Si-DLC layers). Every time, the polymer substrate was first treated and functionalized by plasma etching using Ar + ions. Precise characterization before and after surface modification was performed, presented, and discussed. The surface properties of the modified PE were determined by scanning electron microscopy (SEM) with chemical composition analysis (EDX). Atomic structure and topography were examined by infrared spectroscopy (Fourier transform infrared-attenuated total reflectance (FTIR-ATR)) and atomic force microscopy (AFM), respectively. The nanoindentation method was applied to assess hardness and Young's modulus profiles. Cytotoxicity in vitro against the MG-63 cell line was evaluated by Alamar Blue assay. Additionally, the influence of surface modification on wettability and surface free energy of modified polyethylene substrate was also examined.
Materials and Methods

Sample Preparation and Surface Treatment
The material used in this study was low-density polyethylene prepared in the form of regular samples (width/length/height-10 mm/7 mm/4 mm). The average chemical composition of this material was 99.5 at.% carbon and 0.5 at.% oxygen (according to EDS analysis, EDAX Genesis, EDAX Inc., Mahwah, NJ, USA) and provided by Sigma-Aldrich (Karlsruhe, Germany). The oxygen content determined on the LDPE surface is probably the result of the adsorption of this element on the surface in air atmosphere. Before coating deposition on PE substrates, the samples were chemically purified in isopropanol and subjected to Ar + ion pre-treatment (etching process) in plasma conditions. The process of PE surface modification was performed in a RF CVD reactor (Elettrorava S.p.A., Turin, Italy), which generated plasma using radio-frequency discharge (13.56 MHz) under low-pressure conditions. The distance between the electrodes (cathode-anode) was 20 mm. All plasma processes (treatment and layers deposition) on the PE substrate were performed at room temperature (297 K) due to the low thermal resistance (melting point 383 K) of polyethylene. The treatment in the RF reactor of the polyethylene surface (ion etching) was conducted for all samples in order to prepare the substrates for further modification processes and surface purification from adsorbed gases (e.g., O 2 ). This stage of processing was conducted in Ar flow conditions (75 cm 3 /min) under a pressure of 53 Pa and plasma density of 0.08 W/cm 2 for 10 min. The experiments consisted of four independent series of PE surface modification, including the deposition of DLC, N-DLC, and Si-DLC coatings, as well as multilayer systems. These processes were carried out in accordance with the technical parameters presented in Table 1 . In addition, the unmodified substrate (PE_0 series) was also tested to compare the obtained test results. The obtained samples were characterized using techniques adequate for material engineering as well as the evaluation of biological activity.
Surface Characterization and Mechanical Study
The surface microstructure and chemical composition of unmodified and coated polyethylene was examined using scanning electron microscopy (NOVA NANO SEM 200, FEI, Hillsboro, OR, USA) with energy dispersive X-ray spectroscopy analysis (EDX). In the case of the detection of light elements (i.e., C, N, and O), an accelerating voltage of 5 eV was applied. In addition, the thickness of the obtained layers was examined based on the cross-section of the tested samples. Furthermore, the topography of tested samples was investigated using atomic force microscopy (AFM, Bruker, Santa Barbara, CA, USA) equipped with peak force tapping mode with a MultiMode 8 (Bruker, Santa Barbara, CA, USA) microscope with a Sb-doped silicon tip of 8 nm diameter. The chemical structure of the polymer surface was examined using FTIR-ATR (Fourier transform infrared) spectroscopy on a Bio-Rad FTS60 V device (Digilab Division, Cambridge, MA, USA). The spectra were measured within 400-4000 cm −1 , 275 scans, and 4 cm −1 resolution.
Contact angle measurements were conducted using the sessile drop technique performed on a DSA10Mk2 (Kruss, Hamburg, Germany) analyzer. Wettability and surface energy measurements were made using ultra-high-quality water (UHQ-water produced with the use of UHQ-PS, Elga, Buckinghamshire, UK) and diiodomethane (Aldrich, Taufkichen, Germany) droplets with a volume of 0.2 µL. For each tested sample, five independent measurements were carried out on the surface.
Indentation technique with G200 Nano Indenter ® (MTS, Oak Ridge, TN, USA) equipped with Berkovich-type diamond tip was used to assess the mechanical properties of the surface. Profiles of hardness and modulus of elasticity were acquired by the continuous stiffness measurement (CSM) method, where the maximum penetration depth was set to 2 µm.
Cytotoxicity
Human osteoblast-like MG-63 cell lines (ATCC: CRL-1427) were cultured in DMEM (Dulbecco's Modified Eagle's Medium) medium (Immuniq,Żory, Poland) without phenol red with the addition of 10% fetal bovine serum (FBS) and 1% streptomycin/penicillin (Gibco-BRL, Life Technologies, Karlsruhe, Germany) in standard cell conditions (37 • C, 5% CO 2 ). Cytotoxicity assay was conducted for both pristine polyethylene and modified samples. The samples were sterilized overnight in ethanol vapor. Then, the samples were placed in a sterile 24-well culture plate and a cell suspension with a density of 50 × 10 4 cells/0.2 mL was added. Cells without the tested samples were treated as a reference sample. Treated and untreated cells were incubated for 72 h. Every 24 h, the medium was changed for a fresh one. After that time, cytotoxicity was determined by Alamar Blue assay (Sigma-Aldrich, Bornem, Belgium) according to the well-described protocol in [24] . In brief, cells were washed with phosphate-buffered saline (PBS) and incubated with resazurin sodium salt solution (25 µM in PBS) for 4 h at 37 • C in the dark. The fluorescence caused by the cellular metabolic activity was measured at 605 nm (excitation wavelength 560 nm) with a multimode microplate reader (Infinite 200M PRO NanoQuant, Tecan, Männedorf, Switzerland). Cytotoxicity was expressed as a percentage of viable cells after treatment with coated polyethylene samples in reference to untreated cells (control). The experiment was repeated three times. Cell morphology was examined using a fluorescence microscope (Olympus IX51, Olympus, Tokyo, Japan) with an excitation filter of 470/20 nm. After staining with acridine orange (viable cells) and propidium iodide (dead cells), cells were observed for morphological changes. At least five viewing fields containing ca. 100 cells each were analyzed. Photographs of CT26 cells after treatment with the tested alloys were taken using an inverted microscope equipped with a reflected fluorescence system (Olympus IX51, Olympus, Tokyo, Japan).
Results
Morphological Analysis
SEM and AFM techniques were used to obtain detailed information about morphological and topographical changes of polyethylene induced by plasma treatment and deposition of DLC-based coatings. It is worth noting that air and oxygen plasma treatments are more aggressive than argon plasma. Even though the ions of these gases are reactive and aggressive in contact with the surface layer of the polymeric substrate [25] , these atmospheres are also used to clean the surface prior to the coating deposition. For instance, Rohrbeck et al. [26] applied an oxygen plasma cleaning process (10 min, 200 W), and after such treatment the initially smooth polymer surface turned out to be considerably rougher, and trenches and holes were more pronounced. However, in our work, the etching process with application of argon (less-reactive gas than oxygen and air) was carried out under the plasma power of 8 W, and in these conditions no significant negative influence of temperature on LDPE was observed. SEM analysis (Figure 1 ) revealed that each surface modification resulted in the formation of continuous and homogenous structures on the surface, without any cracks. Only in the case of modifications with DLC layer deposition (PE_1 series), could a more diverse microstructure be observed, with visible heterogeneities in the micro scale. The new formed structures showed more details with atomic force microscopy, at the nanometric scale ( Figure 2 ). Analysis of AFM images of modified substrates showed granular-like structures, which in the case of Si-DLC coatings were composed of agglomerated clusters (see Figure 2 , sample PE_4).
A similar effect was observed Catena et al. when DLC layers were deposited on polyethylene [1] . In this respect, it is worth mentioning that plasma treatment of PE surfaces (with coating deposition) caused an increase in the surface area of tested samples, which is also beneficial for cell adhesion. The characteristic bulges (observed in sample PE_3 and PE_4) are similar to those presented by Catena et al. [27] , caused by intrinsic stress release phenomena. More details concerning the surface roughness values of all samples, their chemical composition, and layer thicknesses are presented in Table 2 .
It is important that determined roughness values (R a ) for samples after coatings deposition were similar in the case of one-layer modifications (ca. 24-30 nm) as well as for the two-layer ones (ca. 13-16 nm) . These values were two to over three times higher than the value of this parameter for the unmodified polyethylene (ca. 9 nm). On one hand, the plasma treatment contributed to the increase in surface roughness of the PE substrate, and on the other hand it influenced the surface structure of the modified samples. The increases of surface roughness value after plasma processes are in good agreement with results obtained by Novotná et al. [28] .
The chemical composition of tested samples (series PE_1-PE_4 in Table 2 ) confirms that the obtained coatings consisted of C, N, and Si elements, depending on the chemical composition of the gas mixture during plasma processes in the RF reactor. In the case of PE_2 series (with the N-DLC coating), nitrogen was incorporated into the structure to ca. 8 at.%, while Si atoms (for the PE_4 series) in the Si-DLC structure to ca. 27 at.%. It is worth noting that the addition of N and Si atoms to the diamond-like carbon structure caused a decrease in the value of internal stresses inside the obtained coatings as well as their hardness, which was also observed in other works [29] [30] [31] . However, the presence of silicon above (ca. 16 at.%) positively affected the anti-bacterial properties of the DLC coatings as well, which was also confirmed by Bociaga et al. [19] . The chemical composition studies of the tested samples revealed the presence of oxygen atoms in the structure, up to ca. 3 at.% in the case of the PE_1, PE_2, and PE_3 series. The growth of oxygen concentration after plasma treatments was strongly affected by the creation of polar oxygen groups, which was also concluded by Novotná et al. [28] . In the case of PE_4, the thickness of Si-DLC layer was above 1 µm and the N-DLC layer was out of range of EDS analysis. This can be explained by the absence of nitrogen in the average content (at.%). In the case of PE_1, PE_2 and PE_3 series oxygen appeared in EDX analysis (up to ca. 3 at.%), possibly as the result of the adsorption of this element after the coating deposition process at ambient air conditions. In the case of the series with a Si-DLC layer (PE_4), the content of oxygen atoms was much higher (ca. 20 at.%), which can be associated with a large silicon content in the DLC structure, and therefore increased compliance for the incorporation of oxygen into the top surface of the modified PE substrate. The presence of oxygen was attributed to the surface oxidation. This process was also observed by Batory et al. [32] . The confirmation of this fact was by the presence of the Si-O atomic groups in the IR spectra as well as the highest range of surface hardness for obtained Si-DLC layers (the tested PE_4 sample, vide infra Figure 3 and see Section 3.4). This is mainly due to the very high binding energy for Si-O (ca. 532 eV), compared to the value for C-H (ca. 338.5 kJ/mol) and Si-H (ca. 298.7 kJ/mol) [33] . Additionally, Si-H bonds were less stable than C-H bonds, which also confirms the incorporation of oxygen into the Si-DLC structure. 
FTIR-ATR Analysis
The modification of the PE surface led to significant changes in atomic structure, which was confirmed by the FTIR-ATR method. Obtained results are shown in Figure 3 .
The IR spectra of unmodified PE (PE_0 series) showed two large peaks at 2920 and 2852 cm −1 , which correspond to C-H asymmetric and symmetric stretching vibrations in the CH 2 group, respectively. Two smaller absorption peaks at 1466 and 723 cm −1 can be identified as C-H symmetric and C-C bonds. It can be clearly concluded that this spectra is characteristic for unmodified polyethylene [2] . Deposition of DLC coating (see Figure 3 -PE_1) noticeably changed the IR spectra of pure PE, the peaks assigned to C-H and C-C vibrations decreased, and the reordered spectra are typical for DLC structures. This modification also caused the appearance of a spectral line at 1641 cm −1 that was assigned to vibrations in C=C groups.
In the case of the next modification (PE_2 series), due to the obtained N-DLC layer, the new spectra lines were centered at 3325 cm −1 (assigned to NH and NH 2 groups, in the energy range 3300-3400 cm −1 ) [34, 35] and additionally confirmed by a peak at ca. 1373 cm −1 [36] . Furthermore, the relatively wide peak (in comparison to spectra for PE_1 series, centered at 1641 cm −1 ) was also attributed to C=N bonds vibrations [37, 38] , while two weak spectral lines (for 2185 and 2238 cm −1 ) were attributed to stretching vibrations in C-N groups [39] .
In the case of PE substrate modification with the deposition of two layers (N-DLC/DLC, PE_3 series), the highest intensity (about two times higher than the IR spectra for PE_2 series) of spectral lines was assigned to C-H, C=C, and C-C vibration groups.
The last surface modification of polyethylene substrate (after deposition of N-DLC/Si-DLC layers, PE_4 series) resulted in significant changes to the obtained IR spectra. The spectra were dominated by various atomic groups containing Si atoms, including Si-H (2120 cm −1 ) [40] , Si-CH 3 (1250 cm −1 ) [41] , Si-N (750-1050 cm −1 ) [36] , and Si-CH 2 -Si (1090-1020 cm −1 ) vibrations [42] . In addition, in the range of 600 cm −1 to 850 cm −1 , many vibration modes, Si-C stretching, Si-N-Si asymmetrical stretching, CH 3 -Si rocking-stretching, and Si-H bending [42, 43] can be noticed. The high value of oxygen content in this case (ca. 21 at.%, based on EDS analysis) is probably associated with vibrations in the Si-O in Si-O-Si groups, which was assigned to the 1035 cm −1 spectral line [41] . It is noteworthy that in the case of modification with Si-DLC layers, the high dissociation energy of the Si-O bonding (798 kJ/mol) [44] resulted in a significant increase in the mechanical resistance of the modified surface.
Contact Angle and Surface Energy Analysis
Unmodified polyethylene is a low-energy hydrophobic material which must be modified in order to be useful in biomedical applications. Wettability is one of the most important surface parameters for biomedical applications, because hydrophilic material with higher surface energy favors cell adhesion and biocompatibility [4] . The contact angle value of untreated polyethylene (PE_0 series) was determined to be high (ca. 85 • ) for two measuring liquids (water and diiodomethane), see Figure 4 . A significant decrease in contact angle values after the deposition of DLC-based structures was observed for all tested series, while the contact angle for diiodomethane was lower than for water. A similar effect after the deposition of two different diamond-like carbon structures (flexible-DLC and robust-DLC) was described by Catena et al. [1] . This shows that in most cases plasmochemical treatment causes the contact angle to decrease, which was discussed broadly in many papers [2, 10, 45, 46] . Polyethylene with N-DLC coating (PE_2 series) is probably the best for biomedical applications, because it exhibits low and comparable water and diiodomethane contact angles. Figure 5 shows results of surface free energy obtained for the tested samples, including polar and dispersive components of SFE. The influence of plasma treatment for LDPE on surface free energy was also described by Pandiyaraj et al. [47, 48] . The authors concluded that usually in such processes oxygen flow results in an increase in the polar component (by incorporation of polar functional groups), without significantly changing the dispersive component. In our case, the performed experiments demonstrated that after deposition of DLC-based structures, the dispersive component increased, while the polar component decreased in relation to unmodified PE (PE_0 series). For example, in the case of modification with undoped DLC coatings (PE_1 series), the dispersive and polar components of surface free energy increased up to 37.5 mJ/m 2 (γ d. ) and decreased to 1.0 mJ/m 2 (γ p. ), respectively. Despite the fact that the total surface energy of all modified samples increased considerably, the best results (the highest γ tot. value and the lowest contact angle value) were obtained for the PE_2 series. This leads to the conclusion that the deposition of DLC layers (mainly N-DLC) can improve biocompatibility by increasing the surface energy of the substrate.
Mechanical Analysis
Surface modification of the LDPE surface under plasmochemical conditions improves its mechanical properties. The hardness and Young's modulus profiles in relation to displacement into the surface are shown in Figure 6 .
Deposition of DLC-based coatings generally improves hardness (by up to nine times), especially at a distance of 600 nm from the surface (Figure 6a ). The unmodified polyethylene (sample PE_0) was characterized by increased hardness only up to about 50 nm displacement into the surface (hardness of 0.3 GPa) and then stabilized at a value of ca. 0.1 GPa. In the case of the DLC layer obtained on the PE substrate (PE_1 series), we observed a hardness increase of up to ca. 2 GPa. The DLC structure doped with N atoms (N-DLC coating, PE_2 series) was characterized by lower hardness than the previous one (PE_1), the surface hardness achieved a value of ca. 1 GPa, and the strengthening remained at ca. 550 nm distance from the surface. The PE_3 series, corresponding to N-DLC/DLC multilayer, exhibited the highest surface hardness of up to 2.3 GPa, at a similar distance from the surface as in the case of the PE_2 series (ca. 600 nm). As a result, the addition of N to the structure of DLC caused a decrease in layer hardness compared to undoped DLC coatings. A comparable relationship was also observed for the addition of Si, but only at a distance of about 50 nm from the surface. Similar dependencies were observed by Ruijun et al. [49] and Wang et al. [50] . For the tested samples, the highest strengthening range (up to ca. 1750 nm from the surface) was shown in the PE_4 series, after deposition of the N-DLC/Si-DLC coating. In this case, the hardness increased to ca. 1.8 GPa. Similar relationships were observed for the Young's modulus of tested samples (Figure 6b ). Unmodified polyethylene reached a maximum value of 5 GPa near the surface, while in the interior it was about 2 GPa, which is a typical value for polyethylene. First modifications (DLC, N-DLC, and DLC/N-DLC corresponding to PE_1-PE_3) caused significant alterations in the Young's modulus of the samples (18 GPa for PE_1, 12 GPa for PE_2, and 16 GPa for PE_3), but these modifications increased these values only up to about 200 nm displacement into the surface. Again, the best mechanical properties were exhibited by the PE_4 series (N-DLC/Si-DLC modification), with a maximum Young's modulus value of 25 GPa on the surface. Increased E modulus in relation to unmodified PE remained escalated for about 1000 nm. This value is substantial, because it is the closest result to bone stiffness, which can be related to the enhanced biocompatibility required for implants.
Cytotoxicity Assay
In vitro cytotoxicity was evaluated on human osteoblast-like MG-63 cells after 72 h. No significant changes in cell viability were observed in all tested series. As shown in Figure 7 , the decrease in cell survival after treatment for all tested samples was assessed to be not higher than 12%. The most significant cytotoxicity (ca. 12%) showed only LDPE substrate after deposition of N-DLC layer on the top (series PE_2). This elevated cytotoxicity can be explained by a high content of N (ca. 8 at.%) in the modified surface.
Additionally, detailed analysis based on cellular morphology observation under fluorescent microscopy ( Figure 8 ) did not reveal any significant changes in mitochondrial shape and size, and no apoptotic bodies were formed after this long incubation time. Additionally, PE_3 modification (with the deposition of N-DLC/DLC layers) resulted in comparable biocompatibility to the control (untreated MG-63 cells) with significant improvement of mechanical properties (vide supra Figure 6 ).
The proposed DLC, N-DLC, or Si-DLC coatings on polymeric substrate were less cytotoxic than studied by us previously (DLC layers doped with N and Si atoms and deposited on titanium alloy). The latter coatings influenced the viability of the treated MG-63 cells, decreasing the cell surviving fraction by even up ca. 29% (modification C; after nitriding process and Si/N-DLC deposition) [51] . It can be concluded that the application of N-DLC or Si-DLC resulted in lower cytotoxic effect than the addition of N and Si atoms to the DLC structure during coating deposition.
Conclusions
On the basis of the performed experiments, it can be concluded that the modification of the LDPE in plasma conditions obtaining multi-layer coatings based on DLC structures resulted in profitable changes of physicochemical and biological properties for their medical applications. In particular, it allowed for a required hardness gradient on the modified surface to be obtained, and as a result made the polymer surface harder and less elastic. It was shown that all modifications in which DLC structures (doped and undoped with Si or N atoms) were obtained improved the wettability of the polymer surface, which is an important property in osseointegration processes. Importantly, in the case of N-DLC/DLC (PE_3 series) and DLC/Si-DLC (PE_4 series) multi-layers deposition on the LDPE surface, a significant improvement in hardness was observed-up to ca. 2.3 and 2.5 GPa, respectively. In addition, a high content of Si (ca. 27 at.%) in the top layer of PE_4 series enabled the incorporation of oxygen in the DLC structure after the modification process at ambient air conditions. All obtained surface modifications resulted in considerable increase in the mechanical properties of the tested surface by improving the PE substrate strengthening at a distance of ca. 1.7 µm from the surface. It is noteworthy that for all tested series no significant changes in cell viability in vitro were observed.
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